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Abstract 

Aim: Ischemia-reperfusion (IR) injury is a common problem in vascular surgery. Acute IR damage observed in the lower extremities, especially in aortic surgery, 
occurs following temporary cross-clamping of the abdominal aorta. Disruption in blood rheology disrupts microvascular blood flow, leading to exacerbation of 
microangiopathy. It is known that drugs used for anesthesia affect blood rheology, which is affected by many factors. Therefore, we aimed to investigate the 
effects of cerium oxide on erythrocyte deformability before sevoflurane anesthesia in rats with lower extremity IR. 

Material and Methods: After approval by the ethics committee, 30 rats were randomly divided into 5 groups. Control (group C), IR (group IR), IR-cerium oxide 
(group IRCO), IR-sevoflurane (group IRS), IR-cerium oxide-sevoflurane (group IRCOS). Infrarenal abdominal aorta and atraumatic microvascular clamp were 
placed in IR groups 30 minutes after intraperitoneal cerium oxide was administered at a dose of 0.5 mg / kg. One hundred and twenty minutes later, the 
clamp was removed and reperfused for 120 minutes. Sevoflurane was applied at a rate of 2.3% at 4 L/min and 100% oxygen during IR for the minimum 
alveolar concentration to be 1 for rats. All rats were administered intraperitoneal ketamine (100 mg/kg) and euthanasia was performed by taking blood from 
the abdominal aorta. Erythrocytes were obtained from heparinized whole blood samples. Deformability measurements were made in erythrocyte suspensions 
in phosphate-buffered saline. A constant flow filtrometer system was used for the measurement of erythrocyte deformability and relative resistance was 
calculated. 

Results: Erythrocyte deformability index was found to be significantly different between the groups (p=0.002). Compared to the control group, the erythrocyte 
deformability index was significantly higher in IR and IRS groups (p<0.0001, p=0.003, respectively). In the IRCO and IRCOS groups, the erythrocyte deformability 
index was found to decrease significantly compared to the IR group (p=0.008, p=0.025, respectively). The erythrocyte deformability index was similar in Group 
C and in the IRCO and IRCOS groups (p=0.453, p=0.120, respectively). 

Discussion: We determined that cerium oxide administered intraperitoneally 30 minutes before ischemia in rats corrects the erythrocyte deformability 
deteriorated in IR-generated rats. We also found that cerium oxide had beneficial effects by reversing undesirable effects of IR. Further studies with larger 
volumes are required to support our promising results 
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Introduction 

Ischemia- reperfusion injury (IR) in the lower extremity is a 
frequent and important clinical phenomenon. The period of 
reperfusion after an ischemic insult may paradoxically increase 
mortality and morbidity rates due to systemic complications. 
Local edema and muscle tissue necrosis are followed by 
systemic inflammatory response syndrome and multiple organ 
failure (kidney, respiratory and circulatory system, etc.) as 
reperfusion progresses [1,2]. 

Cerium oxide, an oxide of rare earth metal called cerium, is an 
important nanomaterial. It has a wide application area such as 
solar cells, fuel cells, gas sensors, oxygen pumps and is also 
used as a fuel additive [3]. 

The potential use of cerium oxide nanoparticles to stroke [4], 
sepsis [5], hepatic IR [6], and intestinal IR has been investigated 
in several studies [7]. 

Tatar et al. showed that cerium oxide has a potentially 
beneficial effect on erythrocyte deformability after IR. General 
anesthesia agents are known to affect cardiovascular functions 
and microcirculation dynamics [3]. 

General anesthesia agents are known to affect cardiovascular 
functions and microcirculation dynamics [8]. However, it is 
controversial whether these agents change plasma rheology 
and/or cause disruption of tissue perfusion. Changes in 
plasma viscosity are listed among the factors associated with 
anesthesia procedures responsible for disruption of tissue and 
organ perfusion [9,10]. Erythrocyte deformability and increased 
aggregation can be seen after surgical procedures under 
general anesthesia [10]. 

Capillary filtration coefficient decreases with sevoflurane. It 
has been shown that sevoflurane may have beneficial effects 
on microcirculation by reducing the extravasation of plasma 
into the interstitial space, and thus limiting tissue edema, 
compared to intravenous anesthetics such as propofol [11]. 
Sevoflurane may also have a protective effect against IR injury 
on endothelial cells [12]. 

Volatile anesthesia applied during general anesthesia increases 
peripheral perfusion. This correlation has been shown for 
anesthesia of sevoflurane on peripheral tissue flow [13]. 

In this study, we aimed to investigate the effects of cerium oxide 
applied on erythrocyte deformability before the sevoflurane 
anesthesia in rats with lower extremity IR. 


Material and Methods 

Animals and Experimental Protocol 

This study was conducted in the Physiology Laboratory of 
Kirikkale University upon the consent of the Experimental 
Animals Ethics Committee of Gazi University. All procedures 
were performed according to the accepted standards of the 
Guidelines for the Care and Use of Laboratory Animals. 

The subjects in our study were 24 Wistar Albino rats weighing 
between 200 and 250 g, which were nurtured in the same 
habitat. The subjects were kept under 20-21 oC within cycles 
of 12-hour daylight and 12-hour darkness. They were given 
free access to nutrition until 2 hours before the anesthesia 
procedure and randomly separated into five equal groups of 
6 animals. Ketamine anesthesia was applied prior to midline 
laparotomy. 


Control group (Group C): Midline laparotomy was the sole surgical 
procedure without any additional intervention. After 4 hours of 
follow-up, blood samples were collected and the subjects were 
sacrificed. 

Ischemia-reperfusion group (Group IR): Midline laparotomy was 
done in a similar fashion. The infrarenal aorta was left clamped 
for 2 hours. After removing the clamp, reperfusion was 
established for another additional 2 hours. After 4 hours, blood 
samples were taken from the abdominal aorta and subjects 
were sacrificed 

Ischemia-reperfusion group with cerium oxide (Group IRCO): After 
following the same steps as in the IR group, cerium oxide was 
administered (0.5 mg/kg) intraperitoneally 30 minutes before 
the ischemia period. After 4 hours, blood samples were collected 
from the abdominal aorta and subjects were sacrificed. 
Ischemia-reperfusion group with sevoflurane (Group IRS): After 
following the same steps as in the IR group, anesthetic gas 
vaporizers were calibrated and set a minimum alveolar 
concentration (MAC) of 1 sevoflurane (2.3%). Anesthesia of 
rats was conducted in a transparent plastic box measuring 
40X40X70 cm. The box, which allowed for observation of the 
rats, was connected to a half-open anesthesia machine with 
static hoses. Anesthetic gases were released into the container 
in 100% O2. Sevoflurane was administered at an inspiratory 
concentration of 2.3% at arate of 4 Lmin-1 in 100% O2 for 4 
hours. At the end of 4 hours, blood samples were collected from 
the abdominal aorta and subjects were sacrificed. 
Ischemia-reperfusion group with cerium oxide+ sevoflurane (Group 
IRCOS): After following the same steps as in IR group, cerium 
oxide was administered (0.5 mg/kg) intraperitoneally 30 
minutes before the ischemia period. Anesthetic gas vaporizers 
were calibrated and set a MAC of 1 sevoflurane (2.3%), and the 
same procedures were performed. At the end of 4 hours, blood 
samples were collected from the abdominal aorta and subjects 
were sacrificed. 

After anesthesia procedure, all rats were intraperitoneally 
injected with ketamine at a dose of 100 mg.kg-1. Heparinized 
total blood samples were used to prepare erythrocyte packs. 
Deformability measurements were carried out using erythrocyte 
suspensions with 5% HCT in phosphate-buffered saline buffer. 
Deformability Measurements 

Blood samples were taken very carefully and measurement 
process was as fast (the first 5 minutes) as possible to avoid 
hemolysis of erythrocytes. The collected blood was centrifuged 
at 1000 rpm for ten minutes. Serum and buffy coat on 
erythrocytes were removed. Isotonic PBS buffer was added to 
collapsing erythrocytes and centrifuged at 1000 rpm for ten 
minutes. The liquid on the upper surface was removed. Finally, 
pure red cell packs were obtained from the washing process, 
which was repeated three times. Erythrocytes packs were 
mixed with PBS buffer to generate a suspension with the value 
of 5% HCT. Those erythrocyte suspensions were used for the 
measurement of deformability. Collection and deformability 
measurements of erythrocytes were done at 22 C°. 

To measure the deformability of erythrocytes, the constant- 
current filtrometer system was used. Samples for measurement 
were prepared as 10 ml of erythrocytes suspension and PBS 
buffer. The flow rate was held constant at 1.5 ml/min with 
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an infusion pump. A 28 mm nucleoporin polycarbonate filter 
with a 5 um pore diameter was used. Constant changes in 
pressure during the passage of erythrocytes through from the 
filter were detected by the pressure transducer and the data 
were transferred to a computer using an MP 30 data equation 
systems (Biopac Systems Inc, Commat, USA). The necessary 
calculations were performed with related computer programs 
by measuring pressure changes at various times. Pressure 
calibration of the system was performed each time before 
measuring the samples. Firstly buffer (PT) and then erythrocytes 
(PE) were passed through from the filtration system and 
pressure changes were measured. The relative refractory 
period value (Rrel) was calculated by relating the pressure value 
of erythrocytes suspension to pressure value of the buffer. An 
increase in Rrel as the deformability index was interpreted as a 
negative effect on the ability of erythrocytes to deform. 
Statistical Analysis 

Statistical Package for the Social Sciences (SPSS, Chicago, 
IL, USA) 17.0 program was used for statistical analysis. 
The significance of the difference in the mean erythrocyte 
deformability values was assessed using the Kruskal-Wallis 
test. The Bonferroni adjusted Mann-Whitney U test was used 
after the significant Kruskal-Wallis to determine which group 
differed from the other. The results were expressed as mean 
+ standard deviation (Mean + SD). Statistical significance was 
set at a p- value<0.05. 


Results 

Erythrocyte deformability index was found to be significantly 
different between the groups (p=0.002). Compared to the 
control group, erythrocyte deformability index was significantly 
higher in IR and IRS groups (p<0.0001, p=0.003, respectively). In 
the IRCO and IRCOS groups, the erythrocyte deformability index 
was found to decrease significantly compared to the IR group 
(p=0.008, p=0.025, respectively). The erythrocyte deformability 
index was similar in Group C and in the group IRCO and IRCOS 
groups (p=0.453, p=0.120, respectively), (Figure 1). 
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Figure 1. Erythrocyte deformability values of the groups. Each 
bar represents the mean + standard deviation. 

* p<0.05 compared to the Group C; + p< 0.05 compared to the 
Group IR 


Discussion 
There are numerous studies showing a drastic increase in 
oxidative stress upon reperfusion [14,15]. 


Effective blood flow in microcirculation is necessary to maintain 
tissue perfusion. Rheological measurements performed in 
patients undergoing major elective surgery revealed increased 
blood viscosity, fibrinogen and erythrocyte aggregation due to 
decreased erythrocyte deformability, decreased blood flow in 
microcirculation and therefore oxygen delivery to tissues. It is 
well known that anesthetic agents are among numerous factors 
affecting blood rheology [16]. 

Erythrocytes deform when passing through capillaries smaller 
than their diameter. Erythrocyte deformability is determined 
by many factors, including the ratio of surface area to volume, 
the phospholipid composition of the erythrocyte cell membrane 
and the viscosity of the intracellular fluid. Reduced erythrocyte 
deformability causes disruption of tissue perfusion in peripheral 
tissues [17]. 

Erythrocyte membranes are vulnerable to lipid peroxidation due 
to the lipid components of their membranes. Lipid peroxidation 
has negative effects on the deformability of erythrocytes [18]. 
Aydogan et al [19] showed the negative effects of sevoflurane 
on the deformability in old rats. 

Comu et al [20] found that neither desflurane nor sevoflurane 
had a negative effect on erythrocyte deformability in diabetic 
male rats. 

Aydin et al [21] showed that neither desflurane nor sevoflurane 
had a negative effect on erythrocyte deformability in infrarenal 
aorta of diabetic rats undergoing IR. 

It was shown that cerium oxide nanoparticles remain in 
the circulation for a short period of time such as t1/2 of 7.5 
min. upon intravenous injection [22]. It has been shown that 
oxidative stress drastically increases upon reperfusion [14,15] 
and the administration of cerium oxide nanoparticles one hour 
prior to ischemia would result in bioaccumulation of cerium 
oxide nanoparticles in liver and scavenge ROS that have been 
generated during reperfusion 

Kotsuruba et al [23] used 0.1 mg/kg of nanocerium per os 
for 14 days in old rats, which fully restored the resistance 
of erythrocytes to acid hemolysis by ROS and RNS in both 
plasma and erythrocytes reduction. Nanocerium decreased 
the erythrocytes and, conversely, significantly increased the 
plasma’s pools of H2S. 

Conclusion 

The results of this study clearly demonstrated that erythrocyte 
deformability is significantly altered in experimental infrarenal 
aorta IR injury and sevoflurane inhaled rats. This might lead 
to further problems in microcirculation. Thus, measurement 
of erythrocyte deformability might have an important impact 
on the follow-up for IR injury. Additionally, we were able to 
document the potential beneficial effect of cerium oxide on 
maintaining erythrocyte deformability in infrarenal aorta of 
rats undergoing IR. Other aspects of these findings, including 
clinical significance and practical applications, merit further 
experimental and clinical investigation. 
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